We study the prototype 5d pyrochlore iridate Y2Ir2O7 from first principles using the local density approximation and dynamical mean-field theory (LDA+DMFT). We map out the phase diagram in the space of temperature, onsite Coulomb repulsion U , and filling. Consistent with experiments, we find that an all-in/all-out ordered insulating phase is stable for realistic values of U . The trigonal crystal field enhances the magnetic moments of the j eff =1/2 doublet, and strong inter-band correlations are induced by the Coulomb interaction, which indicates that a three-band description is important. We demonstrate a substantial band narrowing in the paramagnetic metallic phase and non-Fermi liquid behavior in the electron/hole doped system originating from long-lived quasi-spin moments induced by nearly flat bands.
We study the prototype 5d pyrochlore iridate Y2Ir2O7 from first principles using the local density approximation and dynamical mean-field theory (LDA+DMFT). We map out the phase diagram in the space of temperature, onsite Coulomb repulsion U , and filling. Consistent with experiments, we find that an all-in/all-out ordered insulating phase is stable for realistic values of U . The trigonal crystal field enhances the magnetic moments of the j eff =1/2 doublet, and strong inter-band correlations are induced by the Coulomb interaction, which indicates that a three-band description is important. We demonstrate a substantial band narrowing in the paramagnetic metallic phase and non-Fermi liquid behavior in the electron/hole doped system originating from long-lived quasi-spin moments induced by nearly flat bands. The competition and cooperation between spin-orbit coupling (SOC) and electron correlations induces novel phenomena in 4d and 5d transition metal oxides such as spin-orbit-assisted Mott insulators, topological phases, and spin liquids [1] . The pyrochlore iridates A 2 Ir 2 O 7 (A=Pr, Nd, Y, etc.) are an ideal system to study these phenomena because their magnetic and electronic states can be tuned by chemical substitution, pressure, and temperature (T ). Furthermore, intriguing phenomena such as correlated topological phases have been theoretically predicted on their geometrically frustrated crystal structure [1] .
In 2001, it was reported that these compounds show a crossover from metal to insulator with decreasing A 3+ ionic radii at high T [2] and a magnetic anomaly was found at low T for small A 3+ ionic radii [3] . For the metallic compound A=Pr, experiments revealed spinliquid behavior [4, 5] and an unconventional anomalous Hall effect [6] . On the other hand, the Ir magnetic ordering has not been determined for a decade due to the strong neutron absorption by Ir and large magnetic contributions from rare-earth f moments on A 3+ . The magnetic order has only recently been identified as a noncollinear all-in/all-out order [see Fig. 1(a) ] [7] [8] [9] .
Among the insulating compounds, Y 2 Ir 2 O 7 has the highest magnetic transition temperature and no f moments. This makes this compound a prototype system for studying strong electron correlations among 5d electrons. A pioneering local density approximation (LDA)+U study for this compound showed that the allin/all-out order is indeed stable at large on-site repulsion U [10] . It also proposed a topological Weyl semimetal as the ground state of some compounds in this series. This stimulated further theoretical studies on the topological nature and unconventional quantum criticality of 5d electrons on the pyrochlore lattice [1, [11] [12] [13] [14] [15] [16] [17] [18] .
In pyrochlore iridates, the Ir atoms form a so-called frustrated pyrochlore lattice, a corner-sharing network of tetrahedra [see Fig. 1(a) ]. Due to this crystal structure, this family exhibits a more interesting electronic structure than its well-studied insulating quasi-2D counterpart with the same electron configuration 5d 5 , Sr 2 IrO 4 [19, 20] . For Sr 2 IrO 4 , the t 2g manifold splits into a fully occupied j eff =3/2 quartet and a half-filled j eff =1/2 doublet under SOC (j eff ≡ S −L is the effective total angular momentum, S and L the spin and orbital momenta). The insulating state was identified as a novel Mott state in the j eff =1/2 manifold [19, 20] , which was subsequently confirmed by LDA+dynamical mean-field theory (DMFT) studies [21] [22] [23] . On the other hand, for pyrochlore iridates, j eff is no longer a good quantum number under a strong trigonal crystal field [24] , and the Ir-O-Ir bonding angle is substantially reduced from 180
• [25] . Moreover, the t 2g band width in the LDA band structure ( 2 eV [26] ) is even smaller than the typical value of U for Ir 4+ ( 3 eV [27] ). These effects will enhance the hybridization between the two j eff manifolds, raising questions about the validity of the j eff =1/2 single-band picture. Another interesting issue is the role of the geometrical frustration, which suppresses long-range magnetic ordering and induces a novel type of magnetism [25] . To address these questions, it is important to perform a firstprinciples study of the three-band system which takes into account SOC, electron correlations, itinerancy, and the crystal structure.
In this Letter, we present state-of-the-art relativistic LDA+DMFT calculations for the prototypical compound Y 2 Ir 2 O 7 . We map out the phase diagram in T and onsite Coulomb repulsion U and investigate the properties of the correlated 5d electrons in this family. First, we construct maximally localized Wannier functions for the t 2g manifold [28] using an LDA exchange-correlation func- tional [29, 30] . We use the code QMAS (Quantum MAterials Simulator) [31] , which is based on the projector augmented wave method [32] , and the two-component formalism [33, 34] . The experimental crystal structure at 290 K is taken from Ref. 35 . In our DMFT calculations, electron correlation effects are taken into account by introducing the Slater-Kanamori interaction
, with α (β) and σ (σ ) being orbital and spin indices, respectively. U and J H are the on-site repulsion and the Hund's coupling, respectively. We choose J/U = 0.1, which is motivated by a first-principles estimate for the related compound Na 2 IrO 3 (U =2.72 eV, J H = 0.23 eV) [27] . Within DMFT, one has to solve a three-orbital quantum impurity problem with off-diagonal and complex hybridization functions. We employ a numerically exact continuoustime quantum Monte Carlo impurity solver based on the hybridization expansion [36, 37] . In previous studies, the quantum impurity models for 5d electrons have been simplified to avoid a severe sign problem, e.g., by omitting off-diagonal hybridization functions and some interaction terms in the j eff basis [38] . Since pyrochlore iridates have large inter-band hybridizations, we solve our impurity problem without such approximations. The sign problem is reduced by rotating the single-particle basis of the hybridization function [39] . Figure 1 (c) shows the computed LDA band structure. The upper half-filled manifold, which is usually identified as the j eff =1/2 manifold, has an overlap with the lower manifold in energy space, although the bands are separated at each k point. The j eff =1/2 manifold has four Kramers degenerate bands since a unit cell contains four Ir atoms. We constructed a tight-binding model based on t 2g -orbital-like maximally localized Wannier functions. The SOC ζ and the trigonal crystal field ∆ tri are estimated to be ζ = 0.40 eV and ∆ tri = 0.23 eV [40] . These values are consistent with an estimate by a quantum chemistry calculation [24] . As shown in Fig. 1(b) , the t 2g manifold splits into three doublets under ζ and ∆ tri . The wavefunction of the highest doublet φ 1 is given by φ 1± = −0.977|1/2, ±1/2 −0.212|3/2, ±1/2 in the j eff basis |j eff , j 111 eff . We denote byĵ 111 eff the effective angular momentum along the local [111] axis [see Fig. 1(a) ]. The |1/2, ±1/2 have about 50% reduced spin and orbital moments compared to the ideal atomic values 1/3µ B and 2/3µ B , because the Wannier functions have substantial weights on neighboring oxygen atoms. On the other hand, the magnetic moments are enhanced by the hybridization between the j eff =1/2 and j eff =3/2 manifolds by ∆ tri . As a result, the doublet φ 1 has spin and orbital moments of 0.346µ B and 0.422µ B . To illustrate the effects of itinerancy, we plot the density of states projected on the j eff basis. The contributions of |1/2, ±1/2 and |3/2, ±3/2 , which are not mixed by ∆ tri , have comparable weight near the Fermi level, which indicates that the inter-atomic hybridization also plays a substantial role.
Next, we discuss the U -T phase diagram obtained by the DMFT calculations [ Fig. 2(a) ]. There is a domeshaped all-in/all-out magnetically ordered phase at large U . The transition temperature T c rises up to values about three times higher than the experimental T exp c 150 K. This may be due to the neglect of spatial fluctuations in the DMFT approximation. We show the Tdependent spin and orbital moments along the local [111] axis (m 111 and L 111 ) computed at several values of U in Fig. 2(b) . Both order parameters emerge concurrently with the same sign. The Ir magnetic moment is estimated to be 0.65µ B at low T for U = 2.5 eV, which is close to an experimental estimate of the upper bound (0.5µ B ) [35] . The ratio L 111 /m 111 1.2 is substantially smaller than L 111 /m 111 = 2 of the j eff =1/2 state. On the other hand, the spectral weight A(ω = 0) shows a drop at T c for U = 2 eV, signaling a transition from a paramagnetic metal into an all-in/all-out ordered insulator. At higher U (≥ 2.5 eV), the spectral function is substantially suppressed even above T c , indicating that the system is in a Mott insulating state. A crossover between a paramagnetic metal and a paramagnetic insulator is located around U = 2.3 eV at high T . In Fig. 2(a) , we also show the first-order Mott transition line obtained by paramagnetic DMFT calculations. Apparently, the metal-insulator transition in the magnetic DMFT phase diagram is assisted by magnetic ordering. The insulating compound Y 2 Ir 2 O 7 , which has the highest T c in the family, may be located at U 2.5 eV.
At low T and small U , we find a first-order transition between the paramagnetic metallic phase and the all-in/all-out ordered insulating phase (both states are topologically trivial). For Nd 2 Ir 2 O 7 , it was reported that its magnetic and metal-insulator transition at T c =33 K is second order [41] . The first-order nature may be an artifact of the LDA+DMFT method. A previous LDA+U study found a Weyl semimetallic phase on the lower-U side of an all-in/all-out ordered insulating phase [10] . In our DMFT phase diagram, however, there is a direct transition between the paramagnetic metal and the magnetic insulator. Figure 3 shows the spectral function A(k, ω) computed for T = 290 K. At U = 2 eV (paramagnetic metal), the upper manifold near the Fermi level shows a substantial band narrowing from the LDA value of 1 eV down to approximately 0.4 eV, while the lower manifold is smeared out by correlation effects. The low-energy states consist mainly of the j eff =1/2 orbitals for ω > 0. At U = 2.5 eV (all-in/all-out ordered insulator), no clear separation is seen between the j eff =1/2 and j eff =3/2 manifolds in the total spectral function A(ω).
We now investigate the effect of doping this insulating solution. The electron filling n is changed from 4.6 to 5.8 (n = 5 corresponds to the undoped compound). The all-in/all-out order vanishes rapidly upon electron/hole doping at n = 4.8 and n = 5.2, respectively. We plot ImΣ(iω n ) in Fig. 4(a) for n = 4.6 and n = 5.6. In a Fermi liquid, ImΣ(iω n ) vanishes linearly with ω n at low frequencies (i.e, ∝ ω low. However, for a rather wide range of frequencies, our data show that Im Σ(iω n ) vanishes more slowly in the doped insulator. We estimated the exponent α using the lowest two Matsubara frequencies assuming Im Σ(iω n ) = βω α n . The result is shown in Fig. 4(b) for different n. One sees a substantial reduction of α from 1 around n = 4.6 and n = 5.8. This non-Fermi liquid (NFL) or bad metallic behavior persists down to the lowest temperature considered (77 K).
Theoretically, it has been reported that NFL behavior with a reduced power-law exponent in the frequencydependent self-energy can be induced by the Hund coupling in multi-orbital systems [42] [43] [44] . In the latter case, ImΣ(iω n ) shows a nonzero intersect as ω n → 0 close to half-filling, and a fractional power-law scaling appears at the boundary between the NFL regime and the Fermi liquid regime [42] . This sharp crossover has been coined the "spin-freezing transition", because the scattering in the NFL state is related to the appearance of long-lived local moments. To see if the NFL behavior in the pyrochlore iridates has a similar origin, we plot in Fig. 4 (c) the imaginary-time correlator ŝ quasi (τ = β/2)ŝ quasi (τ = 0) computed for U = 2 eV, where the quasi spin is defined for the highest φ 1 doublet asŝ quasi =n φ1+ −n φ1− . As can be seen, this correlation function extrapolates to a finite value as T → 0 for n = 4.6 and n = 5.8, indicating the existence of long-lived quasi-spin moments. However, these long-lived moments are not a consequence of the Hund coupling; they rather originate from properties of the band dispersion, i.e. crystal structure, which we confirmed by reproducing this NFL behavior even with J H turned off (not shown).
As illustrated in Fig. 4(d) , A(ω) shows two characteristic peaks at the upper and lower edges of the j eff =1/2 manifold at n = 5.2 (electron-doped Fermi liquid). These two peaks come from nearly flat quasi-particle bands in the paramagnetic phase [ Fig. 3(a) ], corresponding to peak structures seen in the LDA density of states [ Fig. 1 ].
The NFL behavior appears when the Fermi level hits one of these peaks. This leads to the formation of local moments and a reduction of the coherence temperature T * . One might wonder if the NFL state is stable against magnetic ordering other than the all-in/all-out order. We confirmed that the NFL state is stable by performing DMFT calculations without assuming the all-in/allout magnetic ordering down to 116 K. This robustness is likely due to the geometrically frustrated crystal structure which prevents long-range ordering. The NFL state may be observed by optical conductivity measurements (e.g., α = 0.5 implies an optical conductivity Ω(ω) ∝ √ ω [42] ), or by the T -dependence of the resistivity. It was reported that the undoped metallic Bi 2 Ir 2 O 7 shows a bad metallic behavior and the transport properties sensitively depend on the magnetic field [45] . That paper discussed the connection between these nontrivial properties and a sharp peak in the LDA density of states near the Fermi level. Although this compound has a wider band width and is considered to be weakly correlated, it would be interesting to investigate it with LDA+DMFT.
In summary, we have mapped out the finite-T phase diagram of the 5d pyrochlore iridate Y 2 Ir 2 O 7 using a state-of-the-art relativistic LDA+DMFT approach. We showed that the spin and orbital moments are substantially enhanced by the trigonal crystal field and that the j eff =1/2 picture is not valid. We have also identified a characteristic non-Fermi liquid self-energy which originates from long-lived quasi-spin moments induced by nearly flat bands. Due to experimental difficulties such as the lack of a natural cleavage plane, angleresolved photoemission data of this family have been reported only for Bi 2 Ir 2 O 7 [46] . However, the connection of the non-Fermi liquid behavior to nearly flat bands enables an analysis of the electronic structure by macroscopic measurements. Although the hole-doped compounds Ca x Y 2−x Ir 2 O 7 show a bad metallic behavior for x > 0.3 [47, 48] , the nature of this metallic state remains to be clarified. It would be interesting to explore the optical conductivity or T -dependent resistivity of these doped compounds to confirm the NFL behavior. A comparative study with the osmate Cd 2 Os 2 O 7 with a 5d 3 configuration would also be interesting [49] [50] [51] [52] .
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